Feng B, La JH, Schwartz ES, Gebhart GF. Neural and neuroimmune mechanisms of visceral hypersensitivity in irritable bowel syndrome. Am J Physiol Gastrointest Liver Physiol 302: G1085-G1098, 2012. First published March 8, 2012 doi:10.1152/ajpgi.00542.2011.-Irritable bowel syndrome (IBS) is characterized as functional because a pathobiological cause is not readily apparent. Considerable evidence, however, documents that sensitizing proinflammatory and lipotoxic lipids, mast cells and their products, tryptases, enteroendocrine cells, and mononuclear phagocytes and their receptors are increased in tissues of IBS patients with colorectal hypersensitivity. It is also clear from recordings in animals of the colorectal afferent innervation that afferents exhibit long-term changes in models of persistent colorectal hypersensitivity. Such changes in afferent excitability and responses to mechanical stimuli are consistent with relief of discomfort and pain in IBS patients, including relief of referred abdominal hypersensitivity, upon intra-rectal instillation of local anesthetic. In the aggregate, these experimental outcomes establish the importance of afferent drive in IBS, consistent with a larger literature with respect to other chronic conditions in which pain is a principal complaint (e.g., neuropathic pain, painful bladder syndrome, fibromyalgia). Accordingly, colorectal afferents and the environment in which these receptive endings reside constitute the focus of this review. That environment includes understudied and incompletely understood contributions from immune-competent cells resident in and recruited into the colorectum. We close this review by highlighting deficiencies in existing knowledge and identifying several areas for further investigation, resolution of which we anticipate would significantly advance our understanding of neural and neuro-immune contributions to IBS pain and hypersensitivity.
colon; immune cells; neurogenic inflammation; silent afferent; visceral pain MANY CHRONIC ABDOMINAL AND pelvic pain disorders, including irritable bowel syndrome (IBS), are characterized as functional because a well-defined pathobiological cause is not readily apparent. IBS is characterized by altered bowel habits, pain (typically the predominant complaint), and hypersensitivity. Accordingly, IBS patients typically exhibit significantly lower response thresholds to provocative stimuli (e.g., rectal distension), complain of increased sensitivity during normal organ function, and present increased tenderness in expanded areas of somatic (abdominal) referral (i.e., both visceral and somatic hypersensitivity). Hypersensitivity in IBS patients was first documented by Ritchie (93) and has since been extended to other functional visceral disorders (e.g., 22, 74, 92, 94) . In contemporary studies, IBS patients exhibit generalized hypersensitivity, more prominent in the lower extremities and abdomen, consistent with the anatomical innervation of the distal bowel (87, 88, 109) .
Functional visceral disorders are often advanced as resulting from altered central nervous system processing and/or dysregulated central modulation. However, in virtually all chronic diseases in which pain is a principal complaint, including IBS, the perceived sensation is initiated by activity in peripheral sensory (afferent) neurons. This is made most readily apparent by the simple expedient of blocking afferent input into the central nervous system. For example, infusion of local anesthetic into the rectum (87, 88, 109) rapidly relieves discomfort and pain in IBS patients, including relief of referred abdominal hypersensitivity (tenderness). Accordingly, colorectal afferents and the environment in which these receptive endings reside constitute the focus of this review.
The afferent endings of principal interest are nociceptors that are present in all tissues of the body and for which the adequate stimulus is typically potential or actual tissue damage. For hollow organs, the adequate stimulus is commonly distension, but also includes chemical mediators associated with visceral inflammation and immune-competent cells. Nociceptors are characterized by a variety of attributes (38) , the most relevant of which for the present discussion is their ability to sensitize. Sensitization represents an increase in nociceptor excitability that is typically reflected in one or more of the following ways: a reduction in the threshold and an increase in the magnitude of response to a noxious intensity stimulus, acquisition of response to a previously ineffective stimulus, and/or development of spontaneous activity. Induction of sensitization requires more than an acute, noninjurious, noninflammatory stimulus; rather, longer-lasting nociceptor activation is necessary such as associated with burns and sprains, inflammation, and release or production of endogenous mediators from tissue and cells. For example, despite the absence of apparent colorectal pathobiology in IBS, nociceptor-sensitizing proinflammatory and lipotoxic lipids (50) , mast cells and their products (4, 5) , tryptases (104, 111) , enteroendocrine cells (82) and mononuclear phagocytes and their receptors (68, 99, 113) are increased in tissues of IBS patients with colorectal hypersensitivity. This essay thus reviews 1) the classes of afferents innervating the colorectum, 2) intestinal immune cells and potential mediators of sensitization, and 3) the potential contribution of neurogenic inflammation in visceral hypersensitivity.
Afferent Innervation of the Colorectum
The distal colorectum is innervated by the hypogastric lumbar splanchnic nerve (LSN) and pelvic nerve (PN) with cell bodies in thoracolumbar and lumbosacral dorsal root ganglia (DRG), respectively. The afferent axons contained in these nerves are thinly myelinated A␦-or unmyelinated C-fibers that subserve mechano-, chemo-and/or thermosensory functions. When studied, virtually all mechanosensitive afferents have been found also to be chemo-and/or thermosensitive (i.e., are multimodal). These nerves also contain a significant proportion of mechanically insensitive (or silent) afferents [ϳ25%; (32) ], some of which acquire mechanosensitivity after exposure to inflammatory mediators (i.e., sensitize, see below) and others of which may be selectively chemo-or thermosensitive that remain to be studied systematically. Hollow organ distension in humans is painful and reproduces the range of sensations associated with pathological pain as well as the patterns of referred sensation (73) . Accordingly, mechanical stimuli and mechanosensitive afferents have been the principal focus of experimental study. More recently, an in vitro colorectumnerve preparation has been employed to more fully characterize receptive endings in the organ.
Earlier studies typically used mechanical search strategies and so found and studied only mechanosensitive endings. Recently, receptive endings in the colorectum have been localized using an unbiased electrical stimulation search strategy, thus revealing both mechanosensitive and mechanoinsensitive receptive endings (32) . As displayed in Fig. 1 , colorectal afferent endings localized in this way are classed based upon their responses or lack of response to three distinct mechanical stimuli: 1) punctuate probing of the receptive field using von Frey-like monofilaments, 2) circumferential stretch of the colorectum, and 3) fine stroking of the mucosal surface of the receptive field. Figure 2 illustrates differences in the topographical locations and proportions of classes of afferents in the LSN and PN innervations of the mouse colorectum; receptive fields of PN afferents are distributed throughout the distal colorectum, whereas those of LSN afferents extend further proximally and are concentrated near the mesenteric attachment. All mechanosensitive afferents respond to blunt probing of the receptive field; mucosal afferents respond also to stroking of the mucosal surface, muscular afferents also to circumferential stretch, and muscular-mucosal endings also to stroking and stretch. Afferent endings that respond only to probing and not to either stroking or stretch are classed as serosal. A fifth class of mechanosensitive ending that responds to probing is located on the mesenteric attachment (mesenteric afferents) and found only in the LSN innervation. Mechanically insensitive afferents (MIAs; or silent afferents) are present in both the LSN and PN pathways.
In addition to topographical differences and differences in proportions of classes of afferents between the two pathways, Fig. 1 . Functional classification of colorectal afferent endings. Afferent endings were located by electrical stimulation (e-stim; 1, stimulus artifact). All mechanosensitive afferents respond to punctuate probing of their receptive field; muscular-mucosal afferents respond also to mucosal stroking (10 mg) and circumferential stretch (0 -170 mN in 34 s), mucosal afferents respond also to stroking, and muscular afferents respond also to stretch. Serosal endings do not respond to either stroking or circumferential stretch. Mesenteric afferents have receptive fields on the mesenteric attachment and are typically not tested for responses to stroking or stretch. Muscular and muscular-mucosal afferents are often categorized together as stretch-sensitive afferents. In contrast, mechanically insensitive afferents (MIAs) do not respond to any mechanical stimuli.
they differ in other ways as well. For example, mechanosensitive afferent classes in the PN have lower response thresholds, greater response magnitudes, and exhibit less adaptation compared with their LSN counterparts (14) . Furthermore, PN MIAs are more likely to sensitize and acquire mechanosensitivity following brief exposure to inflammatory mediators than LSN MIAs (32) . Accordingly, while LSN and PN afferents have overlapping functions, they importantly also have distinct functions. In support, a recent study demonstrated that visceromotor responses to noxious colorectal distension are unaffected after transection of the LSN pathway but absent after transection of the PN pathway (54) .
Two points merit emphasis here. First, the designation of mechanoreceptive afferent classes as mucosal, muscular, etc., is not histological, but rather functional based on response characteristics to applied mechanical stimuli. Interestingly, these classes are ordered by electrical stimulation thresholds for activation, consistent with their assumed anatomical location/depth from the mucosal surface (32) . Nevertheless, it should be borne in mind that mucosal or serosal endings, for example, may not be located in or innervate the colorectal mucosa or serosa. Second, histological characterization of afferent endings in the rodent colorectum has resisted elaboration to date. Unlike the vagal innervation of the rodent gastrointestinal tract, in which Powley and colleagues have elegantly described mechanosensitive intraganglionic laminar endings (IGLEs; flattened plate-like structures located in myenteric ganglia) and intramuscular arrays (IMAs; branching varicose nerve fibers running parallel with muscle bundles) (84) and chemosensitive endings (86) , LSN and PN receptive endings in the colorectum have resisted a similar analysis despite several creative efforts (see Ref. 116 for review).
Sensitization of Colorectal Afferents
As noted in the INTRODUCTION, sensitization represents an increase in excitability and is characteristic of nociceptors in all tissues. Processes of nociceptor activation and sensitization are typically reversible (e.g., sunburn and sprains). Most chronic pain states are associated with tissue pathology (e.g., nerve injury, arthritis, cancers, etc.), persistent afferent drive, and consequently central sensitization. More puzzling are chronic pain states where sensitization is present in the absence of apparent tissue inflammation or pathology (e.g., fibromyalgia, migraine, IBS, etc.). Despite the absence of a pathobiological explanation, afferent drive has been documented as necessary and sufficient for persistence of many of these chronic pain states (see Ref. 38 for a recent review), including colorectal afferents in IBS (idem).
Either by recording directly from afferent fibers or their somata in nodose or DRG, afferents all along the gastrointestinal tract have been widely documented to increase excitability (i.e., sensitize) after organ ulceration, inflammation, ischemia or exposure to putative mediators of sensitization (see Ref.
6 for a recent overview). The classes of afferents sensitized were not able to be identified in most of these studies. How- ever, use of in vitro colorectal-nerve attached preparations permits direct application of putative endogenous sensitizers [e.g., protons, potassium, ATP, bradykinin (BK), 5-HT, PGE2, histamine, bile salts, etc.] to functionally identified receptive endings upon which we focus here.
Mucosal afferents. The vast majority of colorectal mucosal afferent endings are contained in the PN pathway with none/ very few in the LSN (14, 32, 47) (Fig. 2) . In addition to mechanosensitivity, a significant proportion of mucosal afferents also exhibit chemosensitivity to an array of chemicals and chemical mixtures [e.g., hyperosmolar solutions, acid, bile salts, 5-HT, ATP, capsaicin, and inflammatory soup (IS), a mixture of BK, 5-HT, PGE2, histamine and protons (17) ], but sensitization is not commonly found. A recent study (48) reported that colorectal mucosal afferents are sensitized to mechanical stroking by mediators from peripheral blood mononuclear cells (PBMCs) of IBS patients, but sensitization was apparent only at the maximum stroking force tested (1,000 mg), an intensity of stimulation not likely limited only to the mucosa. Given their presumed location, one might expect mucosal afferents to exhibit sensitization to chemical stimuli such as would be present in the luminal chemical environment, but this has not been documented. Accordingly, a role for mucosal afferents in colorectal sensitization and contribution to enhanced peripheral input has not been established.
Muscular and muscular-mucosal (stretch-sensitive) afferents. Muscular and muscular-mucosal afferents are stretch-sensitive, encode colorectal distension/stretch, and are present in both the PN and LSN innervations (14, 32, 47) . Muscular and muscularmucosal afferent endings predominate in the PN pathway, comprising ϳ35-45% of mechanosensitive endings; muscular-mucosal afferents are absent in the LSN pathway and muscular afferents only contribute to 6 -10% of LSN mechanosensitive afferent endings (Fig. 2) . Consistent with this distribution, visceromotor responses to noxious colorectal distension are absent after axotomy of the PN pathway but unaffected after axotomy of the LSN pathway (54) . Thus, studies on sensitization of stretch-sensitive colorectal afferents have generally focused on the PN pathway.
Most PN colorectal stretch-sensitive afferents have low response thresholds (Ͻ5 mmHg) to colon distension/stretch, but nevertheless encode the intensity of distension/stretch well into the noxious range; a smaller proportion (ϳ15%-25%) of stretch-sensitive afferents have high thresholds for response (20 -40 mmHg depending on the species) and also encode distension intensity in the noxious range (32, 96) . That both low-and high-threshold stretch-sensitive endings encode in the noxious range (and sensitize, see below) suggests that both can contribute to colorectal nociception. High-threshold stretchsensitive endings in the mouse are more commonly located in the colon with fewer located closer to the anus (32) . It has been reported that the guinea pig rectum, but not colon, is innervated by a specialized class of low-threshold stretch-sensitive mechanoreceptors with transduction sites corresponding to rectal IGLEs (117) . They apparently function mainly as rectal mechanotransducers, do not seem to sensitize and thus may not contribute to colorectal nociception.
Stretch-sensitive colorectal endings are generally sensitized acutely and for 15-20 min after exposure to IS (an example is given in Fig. 3A) . Importantly, both low-and high-threshold PN stretch-sensitive afferents exhibit increased response magnitudes and reduced response thresholds (high-threshold endings) to stretch (see example in Fig. 3A ). More relevant to IBS, murine muscular and muscular-mucosal PN afferents were sensitized by brief exposure to mediators released from cultured PBMCs harvested from postinfectious diarrhea-predominant IBS (D-IBS) patients (48) . Interestingly, mediators released from PBMCs harvested from healthy controls inhibited responses of muscular-mucosal afferents to mechanical stimulation, but had no effect on muscular afferents. While the foregoing is important with respect to identification and characterization of mechanosensitive colorectal afferent classes that can sensitize and thus potentially contribute increased afferent input to the central nervous system, the more relevant question is which class(es) of colorectal afferents contribute long-term to colorectal hypersensitivity? A priori, one would hypothesize that stretch-sensitive afferent endings, if contributory to colorectal hypersensitivity, would exhibit long-lasting sensitization in concert with functional colorectal hypersensitivity.
Studying long-term sensitization of colorectal afferents unavoidably relies on animal models that develop prolonged colorectal hypersensitivity. Intracolonic instillation of 2,4,6-trinitrobenzenesulfonic acid (TNBS) is commonly used to induce a transmural colon inflammation (colitis) in rodents, which, after resolution of the initial insult in rats, has been reported to be associated with weeks-long colorectal hypersensitivity (1). In a recent report (47) , sensitization of LSN Fig. 3 . Representative single-fiber recordings illustrating acute sensitization by an inflammatory soup (IS) applied directly to the receptive ending of a stretch-sensitive muscular/muscular afferent (top) and persistent sensitization of a muscular-mucosal afferent ending 24 days after intracolonic zymosan instillation (bottom), a time at which colorectal hypersensitivity to distension was present, relative to the response of another muscular-mucosal afferent ending 24 days after intracolonic saline instillation (not hypersensitive). Note (top) that in addition to an increase in the response to stretch, response threshold was decreased from 91 mN to 31 mN after exposure to IS. mesenteric and serosal afferents to mechanical probing was noted during both acute (7 days after TNBS treatment; mildly inflamed colon) and recovery (28 days; postinflammation) phases after intracolonic TNBS instillation. PN afferents in this study were generally unaffected during the acute, mild inflammatory phase but serosal afferent responses to probing were sensitized during the recovery phase after TNBS treatment. Similarly, responses of PN mucosal afferents to stroking (1,000 mg) and of muscular-mucosal afferents to stroking (1,000 mg), but not stretch, were significantly increased at day 28 relative to control and to afferent endings studied during the acute phase (day 7). Although the status of colorectal inflammation was evaluated in this study, colorectal hypersensitivity was not established and so linkage to the functional status of the colorectum cannot be made. In another study of long-lasting colorectal hypersensitivity (intracolonic zymosan instillation) in which both colorectal inflammation and hypersensitivity were evaluated, responses of PN muscular-mucosal endings to circumferential stretch were sensitized in colorectums taken from mice with established colorectal hypersensitivity (33) . There was no evidence of sensitization of PN muscular endings to stretch, mucosal endings to stroking (10 mg), or serosal endings to probing (up to 1.0 g) in hypersensitive mice. It is difficult to conceive how responses to high intensity punctate probing of the colorectum (relative to stretch) translates to pain unless chemosensitivity of mucosal and/or serosal endings is the key contributor to increased excitability (see below). The foregoing suggests that stretch-sensitive, PN muscular-mucosal colorectal afferents contribute persistent afferent input that sustains, at least in part, colorectal hypersensitivity.
Other models of persistent colorectal hypersensitivity would appear to merit study to evaluate possible contributions of classes of afferents to hypersensitivity. For example, colorectal mechanical (distension) or chemical (e.g., mustard oil, acetic acid) insult in rodents early in life (postnatal days 8 -21 ) results in colorectal hypersensitivity in adulthood (3). Increased afferent input in adult rats after neonatal insult is suggested from L6 -S1 spinal dorsal root multiunit recordings of afferent activity (61), but which class(es) of colorectal afferents are involved has yet to be investigated in this model.
Serosal and mesenteric afferents. Colorectal serosal afferents were initially defined as responsive only to punctuate probing of the receptive field and not to mucosal stroking or to stretch (14) , and have been alternatively termed colonic highthreshold afferents (43) . Serosal afferents in PN and LSN innervations exhibit distinct mechano-and chemosensitive characteristics, suggesting phenotypic and perhaps even structural differences (12, 14) . Morphological studies of the LSN innervation of the distal colorectum failed to reveal the presence of afferent fibers in the serosa and thus the designation of serosal may be a misnomer (see Ref. 116) . Instead, LSN serosal afferents were reported to have varicose branching endings on intramural blood vessels, particularly in the submucosa, a finding analogous to LSN mesenteric afferents, which have varicose endings on mesenteric blood vessels. In support, both LSN serosal and mesenteric afferents have receptive endings on or near the vasculature and can be activated by forceful compression of the vessel (14) . It has been suggested that these receptive endings may sense ischemia of the colorectum as they reportedly respond to occlusion of the mesenteric arteries (44 (15) and desensitized by capsaicin (12) .
In contrast, PN serosal afferents respond to lower intensity mechanical probing, give greater responses to probing, and exhibit less adaptation than their LSN counterparts (14) . In addition, a significantly smaller proportion of PN than LSN serosal afferents respond to BK (15) or ATP (12); PN afferents showed no sensitization to probing after exposure to BK or capsaicin (12) . PN serosal afferent responses to probing have been reported to be sensitized by mediators released from PBMCs harvested from IBS patients and during the recovery phase of TNBS-induced colorectal inflammation (47, 48) .
MIAs. On average, ϳ25% of LSN and PN colorectal afferents are mechanically insensitive (32, 33) . MIAs are characterized by their ability to acquire mechanosensitivity in inflammatory conditions (95) , thus contributing significant new peripheral input to the development of hyperalgesia. Accordingly, awakening of silent nociceptors in the colorectum could contribute to persistent hypersensitivity. In support, MIAs acquire mechanosensitivity (sensitize) following exposure in vitro to IS, but, as above, MIAs in the LSN and PN pathways are different. In the colorectal PN innervation, 71% of MIAs acquired mechanosensitivity after exposure to IS, whereas only 23% of MIAs in the LSN innervation did so (32) . In this in vitro experimental preparation, sensitization of MIAs was short lasting (ϳ20 min) and reversible, but reproducible. In a recent study of long-lasting visceral hypersensitivity, a key finding was that the proportion of PN MIAs was significantly decreased by 50% in colorectums from hypersensitive mice (24 days after intracolonic zymosan treatment) (33) , consistent with the switch of some MIAs from a mechanically insensitive to sensitive phenotype. Interestingly, it was the serosal and not either of the stretch-sensitive afferent classes (muscular or muscular-mucosal) that correspondingly increased in proportion. Population studies such as these can be difficult to interpret, but because there was no increase in the proportions of afferents in colorectums from hypersensitive mice that were stretch-sensitive, the role of MIAs in persistent colorectal hypersensitivity is uncertain. We did not find sensitization of PN serosal endings to probing in this model, but did not examine possible sensitization to chemical stimuli.
Intestinal Immune Cells in IBS
Absent in the preceding discussion is consideration of potential underlying mechanisms of sensitization and hypersensitivity in IBS, which is considered a functional disorder without an underlying organic abnormality. It has been argued, however, that a low-grade inflammation and altered activity of the immune system contribute to the pain and hypersensitivity in IBS, and thus to persistent afferent drive from the colorectum. As an alimentary tract constantly exposed to foreign dietary materials and commensal microorganisms, the gut is equipped with abundant lymphoid tissues and immune cells for host defense. The gut immune system is unique in that it is designed to respond to harmful pathogens but not to food antigens or commensal bacteria. In IBS patients, however, many studies have documented changes or dysregulation of the gut immune system that could directly or indirectly influence afferent excitability.
Mast cells. Intestinal mast cells (MC) are perhaps the most extensively studied immune cells in relation to IBS and are the cell type most consistently identified as increased in IBS. MC granules contain substances such as histamine and proteases which, when MCs degranulate, can trigger inflammatory reactions. In IBS patients, the majority of studies report an increase in the number of MCs in terminal ileum, ileocecal junction, cecum, colon, and rectum (for a review, see Ref. 79 ). In D-IBS patients, Park et al. (81) found more MCs degranulated and in close proximity (Ͻ2 m) to enteric nerves in both the cecum and rectum. Barbara et al. (4) reported similar findings in descending colon biopsies from both D-IBS and constipationpredominant IBS (C-IBS) patients. In addition, they detected higher contents of mucosal histamine and tryptase in IBS patients than in healthy subjects, and a significant correlation between MCs in close proximity to nerves and the severity/ frequency of abdominal pain/discomfort. In patients with ulcerative colitis in remission, who frequently report IBS-like symptoms, a similarly higher percentage of degranulated MCs were found close to nerve endings (108) . MC hyperplasia or increased MC degranulation has also been noted in animal models that developed colorectal hypersensitivity after stress (41), inflammation (57), or maternal separation (107). In these animal models, the MC stabilizer doxantrazole reduced colorectal hypersensitivity to distension without affecting responses in control animals. Likewise, the MC stabilizer ketotifen increased the mechanical threshold for discomfort in hypersensitive IBS patients, but not in normosensitive patients (52) .
How might MCs sensitize visceral afferents and contribute to hypersensitivity? Barbara et al. (5) collected colonic mucosal mediators by incubating biopsies from IBS patients, where the number of MCs and contents of MC mediators histamine, tryptase, and PGE2 were higher than in controls. When applied to mesenteric afferent endings or to isolated rat DRG neurons, the mediators enhanced action potential firing and increased intracellular calcium concentration, respectively. These excitatory effects of mediators on sensory neurons were inhibited by an H1 histamine receptor antagonist or a serine protease inhibitor, but not by a 5-HT3 receptor antagonist. In contrast, Cremon et al. (23) found a 10-fold increase (relative to controls) in 5-HT release in the supernatant of incubated colon biopsies from IBS patients that was correlated with MC counts. The supernatant increased action potential discharge in rat mesenteric afferents, and the response was significantly inhibited by a 5-HT3 receptor antagonist. In a behavioral assessment, visceromotor responses in rats that developed colorectal hypersensitivity after receiving the MC degranulating drug BrX-537A were attenuated by a 5-HT1A receptor antagonist but neither by a 5-HT3 receptor antagonist nor by H1-, H2-, or H3-histamine receptor antagonists (20) . MC typtase is a serine protease that activates the protease-activated receptor-2, a G protein-coupled receptor expressed in sensory neurons in rodents (100). Activation of protease-activated receptor-2 releases neuropeptides such as substance P (SP) and calcitonin gene-related peptide (CGRP) from sensory nerve terminals to initiate neurogenic inflammation (see following section), and potentiates TRPV1 and TRPV4 channels, both of which have been implicated in colorectal mechanosensation and/or hypersensitivity (8) .
Intestinal macrophages. In addition to MCs, the gut harbors abundant macrophages (M) for innate immune activity. Unlike monocytes in blood and M in other tissues, intestinal macrophages (iM) do not function as typical antigen-presenting cells and lack cellular machinery for production of proinflammatory cytokines (such as TNF-␣, IL-1␤, IL-6, IL-8, and IL-12) and induction of potent adaptive immune responses. Nevertheless, the phagocytic activity of iM is very potent. In the healthy gut, iM constitutively produce the anti-inflammatory cytokine IL-10 and maintain the differentiation/survival of regulatory T cells that produce another anti-inflammatory cytokine, TGF-␤, which together with IL-10, keep the intestinal iM in the state of anergy. When there is pathogenic invasion, however, a large number of inflammatory M are recruited to the site of invasion and produce proinflammatory mediators (for review, see Ref. 72 ). In inflammatory bowel diseases, such as ulcerative colitis and Crohn's disease, iM are known to play a pivotal role in the inappropriate inflammatory responses against harmless commensal microorganisms. Transgenic mice deficient in IL-10 develop chronic enterocolitis if not raised under specific pathogen-free conditions (53) , and this chronic colitis is attenuated by elimination of local iM (112) .
To evaluate the concept that IBS is due to a low-grade inflammation in the gut, M and IL-10 contents in blood or intestinal biopsies have been studied. O'Sullivan et al. (77) reported normal levels of colonic iM in IBS patients in which all three subgroups of IBS (D-IBS, C-IBS, and alternating IBS) were pooled. In contrast, Spiller et al. (98) reported a 50% reduction in the number of resident mucosal iM with an apparent increase in calprotectin-positive, presumably recruited iM in postinfectious IBS (PI-IBS) patients, suggesting a shift toward dominance of proinflammatory M in the intestinal mucosa in this IBS group. Similarly, the change in IL-10 content in blood or intestine in IBS patients is inconsistent across studies. In cultured PBMCs harvested from IBS patients, O'Mahony et al. (76) reported a decrease in basal content of IL-10 with an increase in IL-12 content, resulting in a significantly lower IL-10:IL-12 ratio in IBS patients than in healthy subjects; the ratio was normalized by ingestion of Bifidobacterium infantis but not by Lactobacillus salivarius. Macsharry et al. (64) reported decreases in IL-10 mRNA amount in colonic and rectal mucosal biopsies from IBS patients, but no increase in IL-12 mRNA. In other studies, basal content of IL-10 did not differ between IBS patients and healthy subjects (for a review, see Ref. 80) .
It is noteworthy that resident iM are also in close proximity to CGRP-positive nerve fibers in murine colon (Fig. 4) . In endometriosis, a chronic inflammatory condition related to pelvic pain and infertility in women, an increase in M is associated with a higher nerve fiber density in endometriotic regions (105) where the nerve fibers consist of autonomic and sensory A␦-and C-fibers, suggesting that these nerve fibers can potentially be stimulated by inflammatory mediators secreted by M. This potentially pronociceptive interaction between iM and nerve fibers remains to be established in IBS.
Cytokines and lymphocytes. Various cytokines together with lymphocytes also have been examined in IBS patients as a measure of activities of innate and adaptive immune responses. Unlike inflammatory bowel disease patients who exhibit markedly elevated content of proinflammatory cytokines and chemokines in colon biopsies, IBS patients show no changes in the content of proinflammatory cytokines or chemokines (IL-1␤, TNF-␣, IL-6, CXCL-10) or even a decrease (IL-8, CCL-2, CXCL-9), suggesting a persistent deficit in the production of cytokines and chemokines important for mucosal defense (64) . In contrast, the basal content of proinflammatory cytokines IL-6 and IL-8 was increased in plasma of IBS patients (24) , and isolated PBMCs from IBS patients produced more proinflammatory cytokines (IL-1␤, TNF-␣, and IL-6) in vitro than PBMCs from healthy controls (60). Kindt et al. (51) found that stimulated lymphocyte expression of IL-5 and IL-13 was enhanced, whereas stimulated monocytic IL-12 and lymphocytic IL-10 expression was reduced in IBS, postulating a shift toward a helper T cell type 2 (Th2) cytokine profile in IBS without changes in the number of circulating immune cells. Accordingly, the content of total lymphocytes {T-lymphocytes, CD4
ϩ T [helper T (Th)] lymphocytes and CD8 ϩ T (cytotoxic T) lymphocytes} in the peripheral blood of IBS patients were all found to be normal (for a review, see Ref. 79) .
In intestinal mucosa, intraepithelial lymphocytes were found to be increased in the colon or jejunum of D-IBS patients (19, 42) and in the rectum of PI-IBS patients (98) , but were unchanged in the rectum of both PI-and non PI-IBS patients (25) or duodenum of D-IBS patients (90) . Similarly, no changes in the number of lymphocytes or leukocytes were noted in cecum or colon of IBS patients (77) , whereas a high number of T lymphocytes was observed in the rectal lamina propria of IBS patients (25) .
It is of note that other immune-competent cells such as B lymphocytes and natural killer (NK) cells have been rarely studied in relation to IBS. Circulating B lymphocytes in IBS patients were found to express surface markers for enhanced capacity of antigen presentation with no apparent changes in their number (78) . In women with IBS, activated NK cells, together with T lymphocytes, were significantly fewer than in control (71) and their postprandial decrease in circulation was attenuated (27) . Significant negative correlation was observed between the number of NK cells and depression, anxiety, overall distress (71) , and the postprandial level of norepinephrine (27) , suggesting disturbances in psychological and neuroendocrinological interactions with the immune system in these patients.
The variability in reported content of cytokines and the numbers of lymphocytes in IBS patients should not be taken to deemphasize the modulatory effects of cytokines on sensory neurons. IL-1␤ sensitizes splanchnic afferents to mesenteric ischemia and histamine (34) , induces firing of action potentials in pulmonary afferents (115) , and increases the excitability of cultured rat DRG neurons to mechanical/thermal stimulation by activating p38 MAP kinase and relieving resting slow inactivation of tetrodotoxin-resistent Na ϩ channels (7). Sensitizing effects of IL-6 and IL-2 on primary afferents were also reported in knee joint (11) and hairy skin (67) of rats, respectively. Whereas the contributions of immune-competent cell products to processes of nociceptor sensitization have been established in nonvisceral tissues, that the gut harbors an enormous immune system underscores the likely importance and contribution of neural-immune interactions to persistent pain and hypersensitivity in IBS. The foregoing has focused on localized neural-immune interactions. Other literature suggests that top-down neuroendocrine contributions from the hypothalamic-pituitary-adrenal axis and/or sympathetic nervous system have the ability to modulate afferent signaling from the gut, but that is beyond the scope of this discussion (see Ref. 26 for an overview).
Neurogenic Inflammation and IBS
Inflammation is neurogenic when inflammatory neuropeptides are released from the peripheral terminals of afferent (sensory) neurons. That afferent neurons have efferent functions has been long appreciated and neurogenic inflammation is important to the pathogenesis of a number of diseases. SP and CGRP are the principal peptides released from A␦-and C-fiber axons associated with small-diameter nodose and DRG somata (see Ref. 91 for a review) . Colorectal sensory neurons include intrinsic primary afferent neurons (IPANs), whose cell bodies are located in the myenteric and/or submucosal plexi, and extrinsic primary afferent neurons (EPANs) with somata in DRG. It should be appreciated that neurogenic inflammation does not exclude a neurogenic contribution from the intrinsic nervous system of the gut (e.g., see Ref. 37) , and many studies do not clearly distinguish between release of peptides from intrinsic and extrinsic innervations.
Although a previous episode(s) of or on-going, low-grade colonic inflammation has been associated with IBS, the potential contribution of neurogenic inflammation to IBS has not been systemically studied. Thus, review of the efferent functions of sensory neurons and how that might contribute to development and/or maintenance of IBS is relevant here.
SP and CGRP. Neurogenic inflammation in the gut is characterized by arteriolar vasodilation and extravasation of plasma proteins and neutrophils. Immunohistochemical studies have documented SP-and CGRP-immunoreactivity in nerves throughout the wall of the GI tract (35) . The content of SP is increased in the inflamed colon of patients with ulcerative colitis (39) and in animal models of intestinal inflammation (18, 101) . SP and CGRP are frequently coexpressed in peptidergic sensory neurons and presumably coreleased from the same terminals, where SP and CGRP can exert distinct effects. For example, it is well-documented in skin that the vasodilatory action of CGRP is attenuated by SP through a mechanism thought to involve the release of proteases from MCs (10) , whereas CGRP appears to prolong the action of SP by preventing its degradation (58) . There are, however, relatively few studies that have examined the roles of SP and CGRP in intestinal inflammation, mostly in rodent models of colitis, and fewer still have addressed IBS. In a rat model of chronic colorectal hypersensitivity, a CGRP receptor antagonist reduced the hypersensitivity, suggesting that CGRP receptors can modulate colorectal hypersensitivity and may provide a promising target for treatment of IBS (9) . Correspondingly, Wang et al. (110) reported that the expression of SP in the enteric nervous system in a rat model of IBS is abnormal, suggesting that local changes in SP may be involved in the pathogenesis of IBS and may play an important role in the regulation of gastrointestinal function. In a rat model of colitis induced by TNBS, both SP-and CGRP-immunoreactivities were significantly reduced in colorectal mucosal and muscular layers during the first week after intracolonic treatment, which recovered over the next week, suggesting reinnervation of the muscle layers (70) . Furthermore, there is a dense CGRP innervation of blood vessels associated with adherent mesentery and in damaged areas of the colon. The studies mentioned above and other authors (e.g., Ref. 30) suggest that the mechanism underlying the reduction in SP and CGRP may involve cytokines that have been shown to be upregulated in colitis. In addition, colorectal inflammation is associated with a decreased coexpression of SP and CGRP in both colorectal thoracolumbar and lumbosacral DRGs, suggesting increased release of these peptides at peripheral and central endings (e.g., Ref. 106 ).
Many studies of neurogenic inflammation have addressed the interaction of SP with its preferred receptor, neurokinin 1 (NK1). The hypothesis that SP is a mediator of neurogenic inflammation was strengthened when it was shown that SP caused vasodilatation and plasma extravasation, which could be abolished by SP receptor (i.e., NK1) antagonists and antibodies to SP (62) . The site of SP action is not restricted to the vasculature, but also includes MCs, from which histamine and other soluble mediators are released, contributing further to the local inflammatory response (46) . NK1 receptors are significantly upregulated in surgical specimens from patients with inflammatory bowel diseases (65) ; in support, pharmacological antagonism or genetic deletion of the NK1 receptor attenuated intestinal inflammation in an animal model of enteritis (85) . There is strong evidence implicating SP in inflammatory bowel disease: SP tissue content and immunoreactivity are both elevated (66) , receptors for SP and its mRNA are upregulated (40) , and altered NK receptor-mediated contraction occurs in inflammatory bowel disease-affected colon (69) . Similarly, neutralization of SP or NK-1 receptors reduced the severity of inflammation in mouse models of experimental colitis (2, 97) , whereas impaired degradation of SP in a knockout model worsened intestinal inflammation (101) .
Afferents that release SP and CGRP also express the TRPV1 ion channel, which can modulate peptide release (46) . Neuropeptide release may be responsible for the ascending inflammation that is associated with colitis. Increased activity in sensory neurons innervating the distal colon may facilitate an initial neuronally triggered inflammatory response that may spread to the more proximal parts of the colon through sensitization of TRPV1 in adjacent sensory neurons, which will cause an increase in CGRP and SP tissue content that maintain the inflammatory process (28) . Recently, Tan et al. (103) showed in mice that 59% of TRPV1-immunoreactive DRG neurons projecting to the colorectum colocalize with CGRP and conversely that 70% of CGRP-positive neurons express TRPV1. CGRP released from these TRPV1-expressing afferents is suggested to contribute to mucosal protection and play a protective role in colonic inflammation because sensory denervation using capsaicin (TRPV1 agonist) or pretreatment with a CGRP receptor antagonist promoted acute and chronic inflammation (29, 89) . Therefore, it is important to note that although studies have indicated a pivotal role for sensory neurons in proinflammatory processes of the colon, controversial data exist about the role of neurogenic inflammation in the gut.
Neurogenic inflammation and neuro-immune interactions. 
Summary
The foregoing documents potential neural and neuroimmune mechanisms of colorectal hypersensitivity. From human psychophysical evidence gathered over the past 70 -80 years, distension/stretch of muscle layers constitutes the adequate stimulus for activation of colorectal nociceptors. Not inappropriately, this stimulus has been widely applied in the study of visceral nociceptive mechanisms, most profitably in in vitro organ-nerve attached preparations. The finding that hollow organs are innervated by stretch-sensitive receptive endings having low or high thresholds for response is not surprising, but that both lowand high-threshold endings encode stimulus intensity well into the noxious range (established in behavioral experiments) and, moreover, sensitize were unexpected findings. Accordingly, stretch-sensitive receptive endings innervating the colorectum have the potential to contribute to pain and hypersensitivity irrespective of response threshold. A role for mucosal, serosal, or mesenteric afferent endings remains to be established. Generally, afferent endings in these classes are unaffected by sensitizing mediators or may show a decrease in response to mechanical stimulation after exposure (see Table 1 ). Importantly, study of the two nerves innervating the colorectum reveal clear topological and functional differences among classes of afferent endings, suggesting that stretch sensitivity, and thus pain and hypersensitivity, are important functional features relegated to the pelvic pathway.
Local release or synthesis of sensitizing mediators from immune-competent and other cells in tissue has long been advanced as contributing to functional gastrointestinal disorders and particularly IBS. Both clinical and basic science studies have moved this notion from speculative to significantly contributory. That supernatants from IBS biopsy samples sensitize colorectal afferent endings supports contributions of afferent drive to IBS symptoms. Not surprisingly, the amine, cytokine, chemokine, and other players are many and the pathways complex, but are now more tractable than previously, providing targets for improved management of IBS symptoms. Less well studied, but likely also important, are efferent contributions of primary afferents innervating the colorectum, both extrinsic and intrinsic. That NK or CGRP receptor antagonists are reported effective in some models does not address the source of these (or other) peptides, but nevertheless implicates these peptides in local inflammatory processes and thus sensitization. Neurogenic inflammatory contributions to IBS symptoms have not been widely studied and merit further examination.
Concluding Comments
The current discussion about the generator(s) of IBS pain and hypersensitivity has unfortunately become polarizing, peripherists citing evidence such as reviewed above and centralists emphasizing top-down models. From a sensory neurobiological perspective, afferent drive is necessary, though not always sufficient, for generation of the pain and persistent hypersensitivity that characterizes functional gastrointestinal disorders. Without question, affective, cogni- tive, experiential, neuroendocrinological, etc. influences are potent modulators of all peripheral inputs, probably more so with respect to nociceptive, and particularly enteroceptive input into the central nervous system. Accordingly, we discussed here evidence of neural and neuro-immune interactions that plausibly give rise to the necessary peripheral input contributing to IBS pain and hypersensitivity. This activated, sensitized, and/or amplified afferent input is extensively modulated and interpreted in the mind/brain with widespread somatic consequences (114) .
Although many questions remain to be resolved, the evidence that colorectal afferent sensitization/input is necessary for generation of pain and hypersensitivity in IBS is wholly consistent with many other chronic pain-associated conditions (see Ref. 38) . Similarly, mounting evidence strengthens the argument that IBS is a consequence of a low-grade colorectal inflammation and/or dysregulated colonic immune system. Despite significant advances in our understanding of the functional characteristics of the afferent innervation of the colorectum, there remain many unresolved issues and questions. Key among them relates to the histological localization of functionally determined classes of colorectal afferent endings and whether they are morphologically similar or dissimilar. Stretch-sensitive afferents exhibit the property of sensitization, which in most experimental models is reversible within a short time frame. Recent studies reveal longerlasting sensitization of colorectal afferents. Hypothetically, IBS could be a driven by sensitized afferents which, if correct, suggests that some colorectal afferents undergo a long-term, if not irreversible, change in phenotype. The foregoing discloses our ignorance about which class(es) of mechano-sensitive and/or -insensitive ending provides key afferent input with respect to IBS pain and hypersensitivity. It has long been assumed that stretch-sensitive afferents are those that provide the key input, and this is supported by the most recent literature. While MIA endings are present in the colorectal innervation and can acquire mechanosensitivity when acutely sensitized, MIAs appear not to acquire stretch sensitivity in models of persistent colorectal hypersensitivity, suggesting no or only a limited role in IBS pain and hypersensitivity. A largely unexplored, but potentially important contribution to IBS pain and hypersensitivity could arise from chemosensitive colorectal afferent endings. In conjunction with the likely contributions of products of immune-competent cells in the colorectum, the chemosensitivity of colorectal afferents should be more systematically investigated. Knowledge about the histological localization of endings, their relationship with immune-competent cells, and the anatomical and functional interaction(s) between the 
Agonists/Mediators
A, activated; S, sensitized; 2 mechanical response reduced; U, unaffected; AU, activated but not sensitized; A2, activated, response decreased; r, rat; m, mouse; PN, pelvic nerve; LSN, lumbar splanchnic nerve; 48/80, compound 48/80 that promotes mast cell degranulation; AHS, acidified hypertonic solution; BK, bradykinin; IS, inflammatory soup; TRP, transient receptor potential cation channel; TRPV1, TRP, subfamily V, member 1; TRPV4, member 4; TRPA1, subfamily A, member 1; TRPM8, subfamily M, member 8; DSS, dextran sodium sulfate; TNBS, 2,4,6-trinitrobenzenesulfonic acid; SLIGRL, protease-activated receptor-2 activating peptide; PBMCs, mediators from peripheral blood mononuclear cells.
intrinsic and extrinsic innervations of the colorectum are essentially unknown and should be a focus of future studies. For example, studies addressing sensitization of IPANs and possible crosstalk with EPANs are virtually nonexistent. Do gila or other cells associated with IPANs elaborate mediators that sensitize EPANs or alter bowel motility in IBS? We know very little about how changes in the innate/adaptive immune components of the colorectum might reveal underlying mechanisms for prolonged sensitization of colorectal afferents. Similarly, the neurogenic inflammatory contribution to colorectal afferent sensitization and hypersensitivity remains largely unexplored. Long-term sensitization of colorectal afferents could result either from infection/inflammation in the gut or from sensitized afferent activity, which induces a localized inflammation.
